In this study, we aimed to investigate the protective effects of androgens, using letrozole (LET; an aromatase inhibitor), grape seed extract (GSE; a naturally occurring aromatase inhibitor and antioxidant), and testosterone propionate (Tp), against methotrexate (MTX)-induced testicular toxicity in adult male rats. MTX has been shown to induce oxidative stress and exhibit antiproliferative effects in the testes. Adult male rats received oral saline gavage (control group with no treatment), the potential protective agents (LET, GSE, or Tp) alone, MTX alone, or a combination of one of the potential protective agents and MTX. The testicular levels of oxidative stress markers and cytokines (tumor necrosis factor-α and interleukin-1β) were measured. Spermatogenesis and sperm viability were microscopically evaluated. Administration of LET and GSE 7 days before MTX improved spermatogenesis and sperm viability, as well as reduced the levels of oxidative stress markers and cellular cytokines. Exogenous testosterone exhibited anti-inflammatory and antioxidant activities, similar to GSE and LET. We also showed that enhancing the endogenous androgenic activity by LET and GSE protected spermatogenesis against MTX-induced testicular toxicity via reduction of inflammation and oxidative stress in the testes. Our data suggest that testosterone protected spermatogenesis owing to its antioxidant and antiinflammatory properties.
Introduction
Spermatogenesis involves multiple processes of meiosis and mitosis that take place in the testicular seminiferous tubules (SNT) (Fok et al. 2014) . The balance between cell proliferation and apoptosis controls the total cell number (Russell et al. 2002) . Testicular Leydig cells secrete testosterone (T), which regulates spermatogenesis. Testosterone deficiency has an adverse impact on the spermatogenic processes (Smith and Walker 2014).
Methotrexate (MTX) is an alkylating agent with various clinical applications for treatment of malignant tumors and autoimmune diseases (Chan and Cronstein 2013). MTX
inhibits spermatogenesis owing to its antiproliferative effects, damage of germ cell DNA (Padmanabhan et al. 2008) , and enhancement of hydrogen peroxide and oxidative stressinduced cellular toxicity (Chan and Cronstein 2013) . Previous studies have shown that MTX exhibits inhibitory effects on both T production and spermatogenesis (Badri et al. 2000; Padmanabhan et al. 2008) .
Decrease in androgen concentration with disturbed estrogen/T ratio in some diseases, such as obesity and diabetes, (Vodo et al. 2013 ) was linked to male infertility (Cabler et al. 2010) . In diabetes, low T concentrations were associated with an increase in reactive oxygen species (ROS) levels in the local testicular milieu (Vodo et al. 2013 ). In addition, low levels of T have been associated with an increase in the levels of proinflammatory cytokines, such as tumor necrosis factor-α (TNF-α) and interleukin-1β (IL-1β). In aged men, androgen replacement with testosterone propionate (Tp) improved spermatogenesis (de and de Jong 2011; Jackson and Jackson 1984) ; besides, it exerted anti-inflammatory effects (Maggio et al. 2005 ; Maggio et al. 2006; Malkin et al. 2004; Norata et al. 2006 ). Canadian Council on Animal Care (CCAC), as previously described (Beca et al. 2013; Samah et al. 2012 ). The study protocol was approved by the institutional animal care ethics committee at Faculty of Medicine, Suez Canal University (Research #3170). Rats were housed in plastic cages with free access to standard animal pellet diet and water, and allowed to acclimatize to the laboratory conditions for one week. They were maintained at controlled temperature (22-24 °C) , with 12/12 h light/dark cycles.
Animals Model
Sixty-five adult albino Sprague-Dawley rats (200-250 g) were included in the study.
The total MTX dose was adjusted at 30 mg/kg (Yulug et al. 2013) , and modified as previously described (Badri et al. 2000) to reduce the mortality rate (Supplementary, Table   S1 ). Briefly, MTX was administered as a single dose (2 mg/kg, intraperitoneal) on three consecutive days for a total period of five weeks. The control group (CTL) received no treatment (NT; normal saline by oral gavage), or one of the potential protective agents, LET (Sigma, Egypt; 0.5 mg/kg/day, oral gavage; n = 7) (Buzdar et al. 2002; de and de Jong 2011; Kafali et al. 2004) , GSE (commercially available; 50 mg/ kg/day, oral gavage; n = 7) (Cetin et al. 2008; Hassan et al. 2014) , or Tp (Sigma, Egypt; 100 µg/kg/day, subcutaneous; n = 6) (Verjans et al. 1975) ) without MTX. The MTX-model groups received MTX alone (n = 6), a combination of MTX + LET (n = 7; experiment 1), MTX + GSE (n = 6; experiment 1), or MTX + Tp (n = 6; experiment 2; Supplementary Table S2) . Experiments 1 and 2 were conducted to test the endogenous and exogenous testosterone effects, respectively. MTX was D r a f t 6 concentrations of serum FSH, LH, T, and E2. Next, the rats were sacrificed by exsanguination (aortic dissection) at the end of the procedure. The right and left testes from each animal were removed for histological and chemical assessments. The body and testicular weights of each animal were measured on day 35 (Table 1) . Testicular tissue samples were collected from several regions of the left testes (except the mediastinal region), and stored at -40 °C (Castro et al. 2002) for measurement of the testicular levels of oxidative stress markers, superoxide dismutase (SOD), malondialdehyde (MDA), and glutathione peroxidase (GPx), as well as inflammatory markers, TNF-α and IL-1β.
For histological assessment of SNT spermatogenesis and interstitial tissue, the right testes were stored in Bouin fixative, embedded in paraffin blocks, and sectioned at 3 µm. The sections were examined using a light microscope.
Assessment of sperm count and motility
We studied the sperm motility of rats according to the WHO standard method for manual examination of sperm motility (Catanzariti et al. 2013) . Briefly, epididymal sperm samples were collected by cutting the caudal epididymis into small pieces. They were placed in 2.9 % sodium citrate solution and then diluted with the same solution (1:10) to examine sperm motility and count. A drop of the sperm suspension was smeared on a glass slide and stained by eosin-nigrosin stain. The stained smears were examined to determine the D r a f t 7 All blood samples were centrifuged (1600 ×g, 20 min, 4 °C), and serum was separated and kept at -20 °C until assayed. The concentrations of FSH, LH, T, and E2 were determined using commercial kits (Vidas, Biomerieux, France). For interassay variation reduction, all collected samples for one experiment were assayed at the same time. The corresponding intra-assay and interassay coefficients of variation (CVs) were as follows: FSH, 5.9 and 4.7 %; LH, 5.7 and 6.3 %; T, 5.2 and 5.1 %; and E2, 3.2 and 4.6 %, respectively.
Testicular oxidative stress markers
Samples of the left testes were weighed and homogenized in 10 % (w/v) Tris buffer (0.32 M sucrose, 10 mM Tris-HCl, 1 mM ethylenediaminetetraacetic acid [EDTA] , pH = 7.8) using a Teflon homogenizer (Glas-Col homogenizer system, Vernon Hills, USA). The homogenate was then sonicated and centrifuged at 20,000 ×g for 15 min, and the supernatant was used for determination of SOD, MDA, and GPx levels spectrophotometrically using specific kits (Biodiagnostics, Egypt) . Absorbance values were measured by a UV-visible spectrophotometer (UV-1601PC, Shimadzu, Japan). MDA, SOD, and GPx levels were measured as previously described (Ohkawa et al. 1979) (Nishikimi et al. 1972; Paglia and Valentine 1967) .
Serum and testicular inflammatory markers
The testicular samples were processed for assaying the inflammatory markers, TNF-α and IL-1β. TNF-α and IL-1β concentrations were measured by ELISA kits (R&D Systems, Minneapolis, MN, USA) according to the manufacturer's instructions.
Morphological spermatogenesis assessment
Hematoxylin and eosin (H&E)-stained sections of SNTs were examined using the light microscope. Johnsen's criteria were used to assess spermatogenesis by scoring 'crosssectional' profiles of the SNTs. A score from 1 to 10 was assigned, according to the presence or absence of germ cells (Johnsen 1970) . D r a f t 8 SNT diameter was measured at 100× magnification; besides, the epithelium height and Leydig cell count were assessed at 400× magnification using the light microscope.
Images were analyzed using ImageJ software (version 1.50b, USA) by a blinded histologist.
Sertoli/germ cell ratio was assessed using SNTs with score 7 of the Johnsen's criteria.
Leydig cells were counted in five fields, and the average count was calculated, as described previously (Bartlett et al. 1986; Castro et al. 2002; Wing and Christensen 1982) .
Statistical analysis
Comparisons among groups were carried out using one-way analysis of variance (ANOVA) followed by Tukey's post-hoc test, whereas for comparisons between two groups, the t-test was used. Data are expressed as means ± standard error of the mean. P values < 0.05 indicated statistical significance. Data were analyzed using Origin Pro software (version 8.0724, OriginLab Corporation, Northampton, MA, USA) . N refers to the number of rats.
Results

Effects of LET and GSE on MTX-induced changes in body and testicular weights
In this study, the LET and GSE protective effects on MTX-induced changes in body and testicular weights were assessed. As summarized in Table 1 , a significant decrease in mean testicular weights was found in the MTX-treated group compared to that of the NT group (0.97 ± 0.09 g, n = 6; vs 1.41 ± 0.01 g, n = 7, P < 0.001, respectively), LET, and GSEtreated groups. MTX + LET (1.23 ± 0.03 g, n = 7, P < 0.05) and MTX + GSE (1.24 ± 0.04 g, n = 6, P < 0.05) combinations protected the rats against MTX-induced reduction of testicular weight. In addition, the body weights of MTX-treated rats (164.8 ±5.59 g, n = 6) were significantly (P < 0.001; Table 1 ) lower than that of the NT group (249.0 ± 5.36 g, n = 7), and rats of the other groups. However, there was no significant difference in body weight between D r a f t 9 rats in the MTX-treated and rats in the MTX + GSE (186.7 ±4.43 g, n = 6, P = 0.26) groups.
In contrast, the MTX + LET combination (204.0 ±9.83 g, n = 7, P < 0.01) protected the rats against MTX-induced reduction of body weight.
Sperm count and motility
To explore the effect of MTX on functional sperm production, rats epididymal sperm samples were collected to evaluate this capacity in Table 2 . A significant decrease in sperm count (×10 6 ) was found in the MTX-treated group compared to that of the NT group (16.46 ± 2.09, n = 6; vs 65.89 ± 1.97, n = 7, P < 0.001, respectively), as well as the protected groups MTX + LET (41.76 ± 3.03, n = 7, P < 0.01) and MTX + GSE (51.99 ± 2.42, n = 6, P < 0.001). Regarding sperm motility, there was a significant decrease in the mean percentage of spermatozoa with progressive motility in the MTX group compared to that of the NT, LET, GSE and protected groups. Moreover, rats receiving MTX + GSE exhibited greater sperm motility than those receiving MTX + LET (74.27 ± 2.35 %, n = 6; vs 54.59 ± 2.69 %, n = 7, P < 0.001; vs, respectively; Table 2 ).
Serum FSH, LH, T, and E2 concentrations
We next examined pituitary-testicular hormonal axis, and the peripheral T and E2 levels in the protected and unprotected MTX-treated rats (Fig. 1 ). MTX had no significant effect on the serum concentrations of FSH and LH ( Fig. 1A and 1B) . However, it resulted in a significant reduction of serum T (MTX, 0.98 ± 0.32, n = 6; vs NT, 3.39 ± 0.11 ng/mL, n = 7; P < 0.05) and E2 concentrations (MTX, 4.86 ± 0.56 pg/mL, vs n = 6; NT, 11.81 ± 0.67, n = 7; P < 0.001; Fig. 1C and 1D ). Co-administration of MTX + LET and MTX + GSE ameliorated the decrease in serum T (Fig. 1C ) and E2 concentrations (Fig. 1D ) compared to that of the LET-and GSE-treated groups. In addition, serum T, but not E2, concentrations, increased ( Fig. 1C ) in the MTX + LET and MTX + GSE groups compared to those of the MTX group (5.31 ± 0.81, n = 7; 5.04 ± 0.59, n = 6; 0.98 ± 0.32, n = 6; P < 0.001, D r a f t respectively, Fig. 1C ). Regarding, LET group alone, but not GSE (4.29 ± 0.32, n = 7; P = 0.77) group alone, was also able to increase serum T concentrations, compared to that of the NT (LET, 6.81 ± 0.47, n = 7; NT, 3.39 ± 0.11, n = 7; P < 0.001, Fig. 1C ). Opposite results were observed for E2 concentrations, when compared to that of the NT group (Fig. 1D ).
SNT cellular assessment
Histopathological examination of the testicular tissues revealed normal spermatogenesis in NT, LET, and GSE groups ( 
Effects of Tp injection on spermatogenesis and sex hormones
To explore the importance of T on spermatogenesis, we examined its effect by administering exogenous T in the form of Tp (Table 3) . Subcutaneous Tp administration increased testosterone levels above the normal level (Tp, 18.89 ± 0.98 ng/mL, n = 6; NT, 3.84 ± 0.12 ng/mL, n = 7; P < 0.001; Table 3 ). Serum E2 levels showed no reduction (P = 0.70) in the Tp and MTX + Tp groups (11.72 ± 0.43 pg/mL, n = 6; 10.91 ± 0.57 pg/mL, n = 6, respectively) compared to the NT (11.24 ± 0.60 pg/mL, n = 7) group; however, they were higher (P < 0.001) than that in the MTX group (4.19 ± 0.39 pg/mL, n = 6; Table 3 ). Rats in the Tp and MTX + Tp groups exhibited lower serum FSH and LH levels compared to those of the NT group. The Tp-treated rats showed significant reduction in testicular weight D r a f t compared to NT-treated rats (Table 3) . Rats cotreated with MTX + Tp showed preservation of sperm count and motility compared to rats the treated with MTX (Table 3) ; however, they were lower than that in the NT group.
LET, GSE, and Tp reduced testicular oxidative stress markers
Furthermore, we also investigated the effects of LET, GSE, and Tp on testicular oxidative stress (Fig. 4) . MTX induced oxidative stress in rat testes, as evidenced by the significant increase in MDA concentrations and decrease in SOD and GPx concentrations compared to those of the control NT group (Fig. 4) . To investigate the antioxidant effects of exogenous T, rats were treated with Tp only or MTX + Tp. Exogenous T significantly improved all oxidative stress markers (Fig. 4) . Similarly, MTX + LET and MTX + GSE ameliorated MTX-induced oxidative stress (Fig. 4) .
Top, LET, and GSE reduced testicular inflammatory markers
We used cytokines analysis to investigate changes in MTX-treated rats with or without protective effect of Tp, LET, and GSE ( Fig. 5B , 5C, 5F, and 5G). In particular, Johnsen's score improved significantly in the groups receiving combinations of MTX + LET (7.00 ± 0.98, n = 7; P < 0.01), MTX + GSE (7.17 ± 0.88, n = 6; P < 0.01), or MTX + Tp (6.50 ± 0.76, n = 6; P < 0.05) compared to that of the MTX (2.33 ± 0.49, n = 6) group ( on MTX-induced spermatogenesis impairment in rats.
Spermatogenesis is dependent on Sertoli and Leydig cells, which are the primary source of local androgen (Mruk and Cheng 2004; Wang et al. 2009 ). LH regulates the secretion of T, which binds to the androgen receptors in Sertoli cells to initiate spermatogenesis (Wang et al. 2009 ). Deficiency of T can arrest spermatogenesis during meiosis (Chang et al. 2004; De et al. 2004; Yeh et al. 2002) . Furthermore, T-suppressed rats were unable to maintain the attachment of Sertoli cells to the spermatids, and germ cells were released prematurely (Holdcraft and Braun 2004; O'Donnell et al. 1996) . In line with our findings, MTX caused a significant decrease in serum T levels owing to its inhibitory effects on steroidogenesis (Badri et al. 2000) . This effect was reflected by the reduction in testicular weight, sperm count, and motility. Microscopically, we observed atrophied interstitial cells, interstitial space edema, reduced spermatogenic cells, and atrophied seminiferous tubules. AI reversibly inhibits aromatase enzyme activity (Geisler 2011) . However, it does not result in complete depletion of plasma E2 levels (Raven et al. 2006; T'Sjoen et al. 2005) . This incomplete inhibition is attributed to the high plasma concentrations of T, the main precursor of E2. Similarly, we observed incomplete inhibition of serum E2 synthesis in rats treated with LET alone, which was accompanied by an increase in serum T levels. A study on young and aged men showed that inhibition of E2 synthesis by LET resulted in increased basal LH and T levels (T'Sjoen et al. 2005 ). This effect is mainly attributed to the decrease in peripheral E2 levels (an inhibitor of LH release), and thus increasing LH release (Raven et al. 2006 ).
Therefore, modulation of peripheral T, E2, FSH, and LH levels might provide a good treatment strategy for male infertility (Patry et al. 2009 ). However, in the current study, we did not observe any significant difference in FSH or LH levels in rats treated with LET, compared to that of rats in the control (NT) group. This could be because of the difference in species, treatment duration, or the factors affecting gonadotrophin release in the two studies (T'Sjoen et al. 2005; Turner et al. 2000) . Chronic administration of AI did not affect spermatogenesis but can result in sporadic disturbed germ/Sertoli cell ratio, as observed in the current study (Turner et al. 2000) .
In rats with Leydig cell abolition, exogenous T replacement was able to maintain the spermatogenic epithelium (Delic et al. 1987; Jackson and Jackson 1984) . However, our results showed that exogenous T exhibited an inhibitory effect on spermatogenesis, which could be attributable to its negative effect on the pituitary-hypothalamic axis (Crosnoe et al. 2013; Kolettis et al. 2015) or the difference in type and method of T administration (Delic et al. 1987 Hassan et al. 2014; Li et al. 2015; Su et al. 2011; Zhao et al. 2014) . In this study, we did not observe the AI effects of GSE like LET. However, it protected spermatogenesis in MTXtreated rats and prevented MTX-induced decrease in sperm count and motility, which were confirmed microscopically. These results indicated that GSE and LET supported spermatogenesis by enhancing endogenous T production and decreasing oxidative stress, particularly GSE.
Oxidative stress is one of the main causes of male infertility since it can enhance the apoptosis of germ cells and reduce the synthesis of T (Aprioku 2013). Exogenous T was able to decrease oxidative stress in rats suffered testicular physical injury and enhanced oxidative stress markers (MDA, SOD, and GPx) (Khosravanian et al. 2014) . MTX treatment was shown to induce marked oxidative stress and inflammatory responses (increase in ROS, MDA, IL-1β, and TNF-α levels) in the sciatic nerve of rats (Celik et al. 2013) . MTX has independent toxicity that involves modifying the cellular metabolic processes through altering the anti-inflammatory and antioxidant pathways (Neradil et al. 2012 ). The antioxidant, resveratrol was able to ameliorate MTX-induced oxidative stress and testicular damage (Yulug et al. 2013) . Our results showed that MTX increased MDA and reduced SOD and GPx levels (Fig. 4) ; besides, it elevated TNF-α and IL-1β concentrations ( Vodo et al. 2013; Xu et al. 2008) . Therefore, the protective effects of androgens on spermatogenesis may be attributed to their anti-inflammatory and antioxidant effects.
Potential future significance
In the present study, we showed the GSE antioxidant and anti-inflammatory effects.
However, rats treated with GSE exhibited small but significant body weight reduction compared to CTL group (Table 1) . Polyphenols in GSE may reduce food intake, digestibility and delay absorption. Moreover, polyphenols stimulate lipolysis, which supports sustained satiety, and increases hepatic fat oxidation (Ohyama et al. 2011; Tebib et al. 1994 ) causing degrading fat stores (Ardevol et al. 2000) . This effect should be considered if patients receive GSE as a supplement alone or with other medications.
MTX is an important treatment for chronic rheumatic and non-rheumatic inflammatory diseases (Chan and Cronstein 2013). Patients who suffer from these chronic inflammatory conditions could exhibit the oxidative stress impairment effect on spermatogenesis. GSE and LET with their antioxidant, and anti-inflammatory effects would benefit these patients, particularly if there is hypoandrogenic state.
Conclusion
Based on the results of this study, we suggest that chemical or physical insults to the testis can decrease T levels, which, in turn, affects spermatogenesis and decreases antiinflammatory and antioxidant protection of the testis. Therefore, increasing the endogenous androgen levels by AI and enhancing the antioxidant and anti-inflammatory effects by GSE and AI could support spermatogenesis and protect the germinal and non-germinal cells from chemical or physical insults because of medical, occupational, or environmental exposures.
D r a f t 16
Additional physiological mechanistic studies are required to elucidate the significance of peripheral testosterone regulatory mechanisms in health and disease.
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MTX/GSE (n=6)
186.7 ±4.43*** 1.24 ±0.04#
MTX (n=6)
164.8 ±5.59*** 0.97 ±0.09*** One-way ANOVA and post hoc Tukey's tests were done between groups on scarification day. NT, no treatment; LET, letrozole; GSE, grape seed extract; MTX, methotrexate. *P < 0.05, **P <0.01, ***P <0 .001 vs NT; # P < 0.05, ## P < 0.01, ### P < 0.001 vs MTX. n, indicates number of rats. LET, GSE and testosterone propionate (Tp) showed protecting effect when combined with MTX. Statistical analyis of data were carried out using one-way ANOVA and Tukey's post hoc test for mean comparison between groups. *P < 0.05, **P < 0.01, ***P < 0.001 MTX + LET, MTX + GSE or compared MTX + Tp compared with MTX; # P < 0.05, ## P < 0.01, ### P < 0.001 CTL or MTX + LET compared with MTX. Non-significant (ns) , P > 0.05. N indicates number of rats per group. Paired t-test between weight at the start and scarification on day 35. One way ANOVA were done between groups at the same category. P value < 0.05 is considered significant. n, number of rats per group. Experiment 1, * and § P < 0.05 compared to NT and MTX, respectively. Experiment 2, $ and # P < 0.05 compared to NT and MTX, respectively.
